INTRODUCTION
============

Probiotic microorganisms provide health benefits to hosts when taken in sufficient quantity \[[@B1]\]. They assist in balancing host gut microbiota and avoid harmful pathogenic infections. Several scientific reports have revealed that probiotic bacteria can be remedial for irritable bowel syndrome, eczema and allergies \[[@B2][@B3][@B4]\]. Lactic acid bacteria (LAB) are among the extensively studied probiotic microorganisms \[[@B5]\]. Oral administration of *Lactobacillus GG* helped to reduce oxidative stress and thus prevented alcoholic liver disease in rat model with alcoholic steatohepatitis \[[@B6]\]. Intake of *Lactobacillus casei* (*Lb. casei*) activated the intestinal mucosal immune system by increasing the expression level of inflammatory receptors namely CD-206 and Toll-like receptor 2 (TLR-2) \[[@B7]\]. Recently, 12 *Lactobacillus* strains were isolated from probiotic drinks in Malaysia \[[@B8]\]. These strains were shown to possess significant antimicrobial properties and able to withstand extreme gastric pH. Among the isolates, *Lb. casei* strain C1 exhibited the most significant antimicrobial effects against both gram-positive and gram-negative bacteria hence its remarkable probiotic potentials.

Hypertension is a public health problem worldwide and highly associated with chronic cardiovascular diseases such as heart failure, ischemic heart disease and stroke \[[@B9]\]. One of the key features of primary hypertension is thickening and hardening of the arterial wall that is predominantly due to structural remodeling \[[@B10]\]. Structural remodeling is often coupled with impaired vascular reactivity. This phenomenon was clearly demonstrated in rats undergoing chronic nicotine administration \[[@B11]\]. One of the key factors that results in hypertensive vessels and impaired vascular reactivity is low bioavailability of nitric oxide (NO) \[[@B12]\].

Interestingly, a few probiotic strains were reported to exhibit antihypertensive effects. For instance, intake of dairy products containing a mixture of *Enterococcus faecium* and two strains of *Streptococcus thermophiles* for 8 weeks lowered low-density lipoprotein cholesterol (LDL) level and systolic blood pressure \[[@B13]\]. Administration of *Lactobacillus plantarum* 299v for 6 weeks was also found to reduce systolic blood pressure in heavy smokers \[[@B14]\]. Besides, consumption of probiotics-fermented potato yoghurt could debilitate hypertension-induced cardiac apoptosis and therefore enabled cardiac protection against hypertension \[[@B15]\]. *Lb. casei* and *Streptococcus thermophilus* TMC 1543 were proven to lower systolic blood pressure and risk factors that caused ischemic heart disease \[[@B14]\]. However, antihypertensive effects of LAB are highly strain-specific \[[@B16]\], thus it is not known if *Lb. casei* is capable of exerting similar antihypertensive effects as the other members of LAB.

Therefore, this study aimed to investigate antihypertensive functions of *Lb. casei* strain C1 in spontaneously hypertensive rats (SHR) for 8 weeks. Essentially, *Lb. casei* strain C1 helped lower blood pressure via aortic structural adaptation and promoted the expression of endothelium-derived relaxing factor (EDRF) such as NO as part of the underlying mechanisms of antihypertension.

METHODS
=======

Preparation of *Lb. casei* strain C1 suspension
-----------------------------------------------

*Lb. casei* strain C1 was prepared as described previously \[[@B8]\]. A volume of 10 µL of *Lb. casei* strain C1 was cultured on a deMan, Rogosa and Sharpe (MRS) agar plate (Sigma-Aldrich, St. Louis, United States) for 48 hours at 37℃. A bacterial colony was selected and inoculated into MRS broth and incubated for 24 hours at 37℃. The culture was centrifuged at 5,000 g at 4℃ for 10 minutes. The bacterial pellet was then recovered at 11 log colonyforming unit (CFU)/0.5 ml phosphate buffer saline (PBS) for feeding.

Animals
-------

A total of 24 male rats aged 8 weeks old were used in this study. All protocols employed in animal handling were performed in accordance with the guidelines issued by the National University of Malaysia (UKM) Animal Ethics Committee. All animals were housed under ambient room temperature and lighting (12 hour light/dark cycle) and were fed with standard laboratory pellet diet and water *ad libitum*. Animals were acclamatized for 7 days prior to the experiment. Wistar (WIS) and spontaneously hypertensive rats (SHR) (n=8 in each group) were given 0.5 ml/kg body weight (b.w) of PBS. SHR+LAB group (n=8) was given *Lb. casei* strain C1 suspension (11 log CFU in PBS) daily \[[@B5]\] at the same dosage for 8 weeks \[[@B13]\].

Measurement of blood pressure
-----------------------------

Rats were restrained and placed on a heating plate (30\~32℃) and their tails were occluded with cuffs which were connected to CODA II ™ Non-Invasive Blood Pressure System (Kent Scientific, US). Each measurement encompassed five acclimatization cycles followed by 15 measurement cycles. Measurements were taken at weekly intervals throughout the study.

Assessment of aortic reactivity
-------------------------------

After 8 weeks, thoracic aorta was dissected meticulously from rats under urethane anesthesia (1 g/kg). The aorta was cut transversely into 4-mm rings and mounted in 50 ml of Krebs-Henseleit buffer \[NaCl (118 mM), KCl (4.7 mM), CaCl~2~ · 2H~2~O (2.5 mM), MgSO~4~ · 7H~2~O (1.2 mM), KH~2~PO~4~ (1.2 mM), NaHCO~3~ (25.0 mM), and glucose (11.7 mM)\], pH 7.4 before mounting it on the organ bath. The tissues were aerated continuously with 95% O~2~ and 5% CO~2~ at 37℃ and equilibrated with an initial resting tension of 1.5 g for 45 min. Isometric contraction, data processing and analysis were performed as described \[[@B12]\]. After equilibration, the tissues were primed with 6 ml of 120 mM KCl, followed by a washout of KCl and then the addition of phenylephrine (PE, 10^--9^ to 10^--5^ M) to test the adrenergic response of the smooth muscle. Tissue contraction was expressed as percentage of maximal KCl-induced contraction. Endothelium-dependent relaxation was tested by adding acetylcholine (ACh, 10^--9^ to 10^--5^ M) to the tissues following PE-induced precontraction. Relaxation of aortic tissues was expressed as percentage of maximal PE-induced contraction.

Collection of blood serum
-------------------------

Blood was drawn into 15-ml plain tubes via orbital sinus and then left to clot at room temperature. Serum was obtained by centrifugation at 1,000 g for 10 minutes at 4℃ and stored at --80℃ until use.

Biochemical analysis of serum
-----------------------------

NO level in the serum was measured using the spectrophotometric Griess assay with sodium nitrite (NaNO~2~) as a reference standard \[[@B17][@B18][@B19]\]. Levels of NO, malondialdehye (MDA) and glutathione (GSH) in the serum were derived from standard curves and expressed as per mg of serum protein.

Histological analysis of aortic tissues
---------------------------------------

A 5-mm aortic ring was fixed in 10% (v/v %) neutrally buffered formalin and subsequently processed in paraffin. Thin tissue sections (3\~5 µm) were then rehydrated and stained with haematoxylin and eosin (H&E). Digital images of aortic sections were captured and analyzed with the Image-J software. Measurements of intima-media thickness (IMT), intima-media area (IMA), lumen diameter, circumferential wall tension (CWT), and tensile stress (TS) were performed as described \[[@B20]\]. Four measurements of IMT were obtained at 0°, 90°, 180° and 270° to derive the mean IMA. Lumen area (*a*) was estimated by drawing a line over the circle at the boundary of the inner intima. The lumen diameter (*d*) was calculated as d=(2√*a*)/π where π=3.14, d was expressed in mm^2^. The mean cross-sectional area of the tunica intima and tunica media (intima-media area, IMA)=\[π(*d*/2+IMT)^2^\]--\[π(d/2)^2^\]. CWT=MSBP×(*d*/2), where d was expressed in cm meanwhile CWT and MSBP (mean systolic blood pressure) were expressed in dyne/cm and dynes/cm^2^, respectively. Tensile stress (TS), TS=CWT/IMT; units for TS and IMT were dyne/cm^2^ and cm, respectively.

Statistical analysis
--------------------

Statistical analysis was performed using One-way ANOVA in GraphPad PRISM Version 6.07. All data were expressed as mean±standard error mean (SEM). Significance of data was determined at p\<0.05.

RESULTS
=======

Body weight gain
----------------

[Fig. 1](#F1){ref-type="fig"} shows body weight gains in rats across the eight weeks of *Lb. casei* strain C1 administration. However, there were no significant differences in weight gains for SHR compared to SHR+LAB. This implies that *Lb. casei* strain C1 administration in SHR did not influence diet intake by the rats.

*Lb. casei* strain C1 lowered blood pressure in SHR
---------------------------------------------------

Changes in blood pressure (BP) throughout the eight experimental weeks are summarized in [Fig. 2](#F2){ref-type="fig"}. At the end of the experiment, systolic blood pressure (SBP) of SHR ([Fig. 2A](#F2){ref-type="fig"}) increased significantly (p\<0.05) as much as 27.07±4.57 mmHg compared to WIS which only increased 8.74±0.97 mmHg from the baseline. The relatively high SBP was reverted from 205.97±6.81 mmHg to 168.41±35 mmHg (p\<0.05) following the bacterial administration. A similar pattern was observed in diastolic blood pressure (DBP) ([Fig. 2B](#F2){ref-type="fig"}). There was a significant increase of 19.26 mmHg (p\<0.05) in SHR as compared to WIS (4.78±1.39 mmHg). The relatively high DBP were lowered significantly in SHR+LAB from 173.57±5.11 to 131.67±1.77 mmHg (p\<0.05). In [Fig. 2C](#F2){ref-type="fig"}, the mean arterial pressure (MAP) of WIS remained rather constant for the whole eight weeks whereas a significant increase (p\<0.05) of 15.07±3.68 mmHg was observed in SHR. The relatively high MAP was then restored in SHR+LAB with a reduction of 20.86±9.22 mmHg.

*Lb. casei* strain C1 prevented impairment in vascular reactivity
-----------------------------------------------------------------

### Vascular Contraction

The aortic rings of all rat groups contracted gradually with the increasing concentrations of PE ([Fig. 3A](#F3){ref-type="fig"}). A higher pEC~50~ (50% effective concentration) of 7.36±0.12 ([Table 1](#T1){ref-type="table"}) was recorded in SHR although it was not significantly different from the other rat groups. In terms of the maximum contraction (C~max~), SHR+LAB and WIS showed very similar C~max~ which were 116.12±6.78 and 117.95±4.25%, respectively ([Table 1](#T1){ref-type="table"}).

### Vascular Relaxation

[Fig. 3B](#F3){ref-type="fig"} shows an increasing relaxation pattern among the three rat groups, with WIS showing the greatest relaxation followed by SHR+LAB and then SHR. The least sensitivity in response to ACh was exhibited by SHR with an pEC~50~ of 5.43±0.32 ([Table 1](#T1){ref-type="table"}). This observation was further ascertained by the lowest maximum relaxation (R~max~) achieved by SHR (68%) compared to that observed in WIS (139%) and SHR+LAB (92%). The differences were statistically significant (p\<0.05).

### *Lb. casei* strain C1 reduced systemic oxidative stress

In [Fig. 4A](#F4){ref-type="fig"}, SHR serum contained higher MDA level than that found in the WIS serum. Although there was no significant difference in the MDA level between SHR+LAB and SHR, the MDA level in SHR+LAB declined after eight weeks of *Lb. casei* C1 administration.

Hypertension inhibits the production of endogenous antioxidant, GSH potentially. This is particularly evident in this study in which the GSH level in SHR serum was significantly lower than that found in WIS ([Fig. 4B](#F4){ref-type="fig"}). However, by feeding *Lb. casei* strain C1 to SHR+LAB, the GSH production was recovered more than three folds higher than that found in SHR.

Theoretically, an antihypertensive substance is able to stimulate higher NO production which in turn regulates vasodilation and relieves hypertension in succumbed individuals. This concept was well substantiated in this study. In the SHR serum, the NO level was found to be approximately two folds less than that in the WIS serum ([Fig. 4C](#F4){ref-type="fig"}). However, the NO level was successfully raised in SHR+LAB. The increase was found to be statistically significant in relative to the NO level in SHR serum.

### *Lb. casei* strain C1 prevented structural changes

[Fig. 5](#F5){ref-type="fig"} shows the H&E-stained microscopic images of aorta for WIS, SHR and SHR+LAB. Aortic tissue of WIS contained organized tunica layers with orderly arrayed elastic lamellae and nuclei. Meanwhile, in the aortic tissue of SHR, the tunica layers remained visible but the structure was rather disorganized. The elastic lamellae were distorted with nuclei scattered in the tunica media.

To better describe histological changes in the tissues, IMT and IMA were compared. There were no discernible changes observed in the IMT ([Fig. 6A](#F6){ref-type="fig"}) and the IMA ([Fig. 6B](#F6){ref-type="fig"}) among the three groups. However, there was a significant reduction (p\<0.05) in the lumen diameter of SHR aorta in comparison to that of WIS ([Fig. 6C](#F6){ref-type="fig"}). This could be a contributing factor to the relatively high blood pressure in SHR. The lumen size was then enlarged to that similar to WIS after eight weeks of bacterial administration in SHR+LAB. The increment was found to be statistically significant as compared to the lumen size of SHR aorta. Administration of *Lb. casei* strain C1 in SHR+LAB also helped reduce the CWT significantly from 1.2×10^4^ (SHR) to 0.8×10^4^ (SHR+LAB) dyne/cm ([Fig. 6D](#F6){ref-type="fig"}). However, it only induced slight reduction in TS in SHR+LAB ([Fig. 6E](#F6){ref-type="fig"}). Overall, this study provided some insights on the functions of *Lb. casei* strain C1 in improving structural changes that caused by hypertension.

DISCUSSION
==========

A former study reported that probiotics could reduce blood pressure in SHR within eight weeks of administration \[[@B13]\]. For this reason, *Lb. casei* strain C1 was fed to SHR for eight weeks in this study in order to produce plausible antihypertensive effects. SHR were given *Lb. casei* strain C1 at a dosage of 11 log CFU/0.5 ml PBS which was proven to be effective in improving hypertension \[[@B5]\]. In our study, *Lb. casei* strain C1 administration conferred antihypertensive effects by lowering the SBP, DBP and MAP in SHR+LAB significantly. Similar phenomena were also reported in previous studies \[[@B14][@B21]\]. Probiotics have been shown to lower vascular pro-oxidative state which in turn reduces blood pressure and maintains vasodilation and constriction at the normal state \[[@B22]\]. In addition, probiotic strains such as *Lactobacillus delbrueckii* subsp. *bulgaricus* SS1 and *Lactococcus lactis* subsp. *cremoris* FT4 were also shown to produce angiotensin-converting enzyme (ACE) inhibitory peptide, mostly β-casein, in fermented milk that caused relaxation of blood vessels and decreased blood volume. These activities are essential in lowering blood pressure and decreasing oxygen demand from the heart \[[@B23]\].

Reactivity towards vasoconstrictor agonist, PE, and endothelium-dependent vasorelaxant agonist, ACh, determines sensitivity of the aorta \[[@B11]\]. Hypertension causes relatively high aorta contractility but low aorta relaxation in response to PE and ACh, respectively. The aorta ring of SHR showed higher sensitivity to PE (high pEC~50~ and C~max~) but a poorer response to ACh (low pEC~50~ and R~max~) than WIS. However, this situation was improved in SHR+LAB. Furthermore, in hypertension models, endothelium dysfunction is often associated with decreased level of NO. Vasodilation is improved following an increase in the NO level in the circulation \[[@B24]\]. This phenomenon was clearly demonstrated in this study where the NO level was successfully hoisted following eight weeks of *Lb. casei* strain C1 administration in SHR+LAB. The improved vasodilation response and high circulating NO level could prevent aortic tissue remodeling \[[@B25]\] and therefore reduces hypertension.

Intensified stress exerted by hypertension promotes the generation of reactive oxygen species (ROS) that elicits oxidative stress \[[@B24]\]. The imbalanced oxidative stress destroys endothelial membrane hence lipid peroxidation which is best indicated by the presence of high level of MDA. Intake of *Lactobacillus coryniformis* CECT5711 was able to attenuate the production of ROS \[[@B22]\]. The attenuation is normally associated with reduced NADPH oxidase activity and restoration of antioxidant enzymes \[[@B26]\]. This is in line with our findings that administration of *Lb. casei* strain C1 in SHR+LAB brought down the MDA level. The reduction is expected to be more significant with a longer administration of the since relatively longer antihypertensive treatment duration has been proven be more beneficial \[[@B27]\]. However, the precise mechanism of action of *Lb. casei* strain C1 in preventing systemic hypertension is still unknown. According to the results, the bacterium helped restore normal barrier function in SHR model by debilitating endothelial dependent-oxidative stress and thus attenuated hypertension in the rats.

To counterbalance hypertension-induced oxidative stress, endogenous antioxidants are generated, for instance, the antioxidative GSH. SHR serum contained relatively lower level of GSH hence higher oxidative stress. Following eight weeks of *Lb. casei* strain C1 administration in SHR+LAB, a higher GSH level was produced, suggesting that the bacterial administration helped restore the GSH level in SHR which in turn reduced oxidative stress resulted by hypertension. Restoration of GSH by *Lb. casei* strain C1 could be a consequence of glutamate-cysteine-ligase activity in the pancreatic cells \[[@B28]\].

Chronic high blood pressure causes aorta remodeling that is characterized by structural disorientation and damages in the aorta \[[@B29]\]. Such structural disorientation could be restored by the administration of probiotic bacteria in experimental mice \[[@B15]\]. Structural disorientation and lumen size were restored in SHR+LAB and the improvement helped reduce CWT and TS in the SHR+LAB. In addition, improvement in CWT and TS has been proven to be positively correlated with higher NO level in the circulation \[[@B12][@B30]\]. The higher NO level in SHR+LAB serum is, therefore, a contributing factor to the improved structural orientation and enlarged lumen size in the rat aortic tissues. The IMT and IMA did not vary significantly among the three rat groups. This is explainable by relatively shorter treatment duration in this study.

CONCLUSION
==========

In conclusion, administration of *Lb. casei* strain C1 conferred effective vascular protection to SHR. There are several ways on how the bacterium exerts its protective functions in SHR: (i) reduces systolic and diastolic blood pressure, (ii) reverts aorta remodeling, (iii) counterbalances oxidative stress by promoting GSH biosynthesis and reducing MDA, and (iv) promotes NO production that improves vasodilation. In the nutshell, this study adds to the benefits of *Lb. casei* strain C1 as a potential probiotic strain in preventing hypertension.
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![Body weight gain of rats. SHR+LAB and SHR showed lower weight gains than WIS.\
Body weight gain is expressed as mean±SEM for n=6 each group. ^a^significant difference (p\<0.05) in body weight gains between SHR and WIS. ^b^significant difference (p\<0.05) in body weight gains between SHR+LAB and WIS.](kjpp-20-621-g001){#F1}

![Changes in (A) SBP (B) DBP (C) MAP in rats during the 8 weeks of *Lb. casei* strain C1 administration.\
Values are given as mean with SEM for n=6 each group. ^a^significant in relative to WIS (p\<0.05), ^b^significant in relative to SHR (p\<0.05).](kjpp-20-621-g002){#F2}

![Concentration-dependent responses of aortic rings to (A) PE and (B) ACh.\
Values are presented as mean with SEM for n=6 in each group. ^a^significant relative to WIS group (p\<0.05), ^b^significant relative to SHR group (p\<0.05), using One-way ANOVA plus Tukey multiple comparison test.](kjpp-20-621-g003){#F3}

![Levels of (A) MDA, (B) GSH and (C) NO in the rat serum.\
Values are presented as mean with SEM for n=6 in each group. ^a^significant in relative to WIS group (p\<0.05), ^b^significant in relative to SHR group (p\<0.05).](kjpp-20-621-g004){#F4}

![Representative microscopic images of H&E-stained aortic wall structures for each group.\
(A) WIS group displayed normal arrangement of elastic lamella at the tunica media layer. (B) SHR showed disorganized tunica media layer with increased interlamellar space. (C) SHR+LAB group showed a more organized arrangement of elastic lamella than SHR group at the tunica media. L, lumen; TI, tunica intima; TM, tunica media; TA, tunica adventitia (400x magnification).](kjpp-20-621-g005){#F5}

![Measurements for (A) IMT, (B) IMA, (C) lumen diameter, (D) CWT and (E) TS were constructed to evaluate degree of vascular remodelling.\
Values are stated as mean with SEM for n=6 in each group. ^a^significant in relative to (WIS) (p\<0.05), ^b^significant in relative to SHR group (p\<0.05).](kjpp-20-621-g006){#F6}

###### Contraction and relaxation responses in aortic rings
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Values are given as mean with SEM for n=6 each group. ^a^significant relative to WIS group (p\<0.05), ^b^significant relative to SHR group (p\<0.05), using One-way ANOVA plus Tukey multiple comparison test.
